2 -[1,1-dimethyl-2-(methylsulfonyl)ethyl]-3-iodo-N 1 -[2-methyl-4-[1,2,2,2-tetrafluoro-1-(trifluoromethyl)ethyl]phenyl]-1,2-benzenedicarboxamide, is a novel class of insecticide having a unique chemical structure. The uniqueness of the structure results from three parts with novel substituents; a heptafluoroisopropyl group in the anilide moiety, a sulfonylalkyl group in the aliphatic amide moiety, and an iodine atom at the 3-position of the phthalic acid moiety. The compound shows extremely strong insecticidal activity especially against lepidopterous pests including resistant strains. Flubendiamide would have a novel mode of action, because the insecticidal symptoms accompanied by a discriminative contraction of the larval body are distinguished from those of commercial insecticides. It is also very safe for non-target organisms. Flubendiamide is expected to be a suitable agent for controlling lepidopterous insects as part of the insect resistance management and the integrated pest management programs.
INTRODUCTION
Resistance has often been a problem or a potential problem for insecticides and is one of the most important reasons why insecticides with a new mode of action have been desired. Although many scientists have devoted a lot of effort to finding an insecticide with a new mode of action, it is quite difficult and challenging to identify such insecticides in the area of new chemistry.
For many years, continuous and extensive research on new chemistry has been conducted at Nihon Nohyaku Research Center. In the course of the research, we have found an insecticidal benzenedicarboxamide derivative (1) (Fig. 1 ). Although the level of activity was not satisfactory, the compound attracted our attention for both the novelty of its chemical structure and intriguing insecticidal symptoms. Since this finding, intensive research has continued to increase the activity through the synthesis of a series of compounds. 1) In parallel, we started studies on the process chemistry at a very early stage. The optimization of the performance of the compounds led to the identification of flubendiamide (2, NNI-0001, N 2 -[1,1-dimethyl-2-(methylsulfonyl)ethyl]-3-iodo-N 1 -[2-methyl-4-[1,2,2,2-tetrafluoro-1-(trifluoromethyl)ethyl]phenyl]-1,2-benzenedicarboxamide), a novel class of insecticide with extremely intense activity against a broad spectrum of lepidopterous insects. We here describe the discovery, chemistry, structure-activity relationships, and some biological features of flubendiamide together with its derivatives. 
MATERIALS AND METHODS

Synthesis
Chemical structures were confirmed by 1 H NMR spectroscopy using a Brucker ARX-400 NMR spectrometer with tetramethylsilane as an internal standard. Melting points were measured with a Mettler FP80 melting point apparatus and are uncorrected. The synthetic pathway of flubendiamide is shown in Fig. 2 . 3-Iodo phthalic anhydride 4 was prepared from commercially available 3-nitrophthalic acid according to methods described in the literature.
2,3) Phthalamic acid 6 was obtained by the reaction of phthalic anhydride 4 with thioalkylamine 5 4) with high regioselectivity. Phthalamic acid 6 was treated with trifluoroacetic anhydride to give isoimide 7, which was reacted with aniline derivative 8 5, 6) to afford diamide 9 as described previously. 7) Flubendiamide was obtained by the oxidation of diamide 9 with m-chloroperbenzoic acid (MCPBA) or hydrogen peroxide. The procedure used to synthesize flubendiamide is described below.
N-(1,1-Dimethyl-3-methylthioethyl)-3-iodo-phthalamic acid (6)
A mixture of 1,1-dimethyl-2-methylthioethylamine 4) (1.19 g, 10 mmol) and triethylamine (0.20 g, 2 mmol) in dimethylacetamide (DMA, 3 ml) was slowly added to a solution of 3-iodophthalic anhydride 2,3) (2.74 g, 10 mmol) in DMA (8 ml) at room temperature. The reaction mixture was stirred for 1 hr, poured into water, and acidified with dilute hydrochloric acid. The aqueous layer was extracted with ethyl acetate and dried over anhydrous magnesium sulfate. The solvent was removed under reduced pressure and the residue was washed with a mixed solution of ether and hexane. Yield: 3.15 g (80%), mp 125-128°C. 1 
3-(1,1-Dimethyl-2-methylthioethylimino)-4-iodo-3H-isobenzofuran-1-one (7)
Trifluoroacetic anhydride (0.76 g, 3.6 mmol) was added to a suspension of 6 (1.18 g, 3 mmol) in toluene (10 ml) and the reaction mixture was stirred for 30 min at room temperature. The solvent was removed under reduced pressure to obtain a product (1.13 g) in a crude form quantitatively, which was used in the subsequent reaction without purification. 1 The other derivatives were synthesized in a similar way, and commercially available reagents and solvents were used unless otherwise noted. Trifluoromethoxyaniline 8) for the synthesis of compound 21 and monoacetylethylenediamine derivative 9) for the synthesis of compound 24 were prepared according to methods described previously.
Biological Tests
Insect pests and natural enemies
Except for the insecticide-resistant strain of diamondback moth (Plutella xylostella), all insect pests used in the biological assays were obtained from susceptible colonies maintained at the Research Center of Nihon Nohyaku Co., Ltd.
(RCNNC, Kawachi-Nagano, Osaka, Japan). The insecticideresistant strain of P. xylostella was collected from a cabbage field in Osaka pref. in 1998, and maintained in RCNNC with bi-monthly selection with commercially available insecticides such as cyhalothrin (25 mg this experiment. The second or third instar larvae of those species were used in biological tests to determine the respective EC 50 values, and the fifth or sixth instar larvae of S. litura were used to compare the symptoms of affected larvae with those of the other commercial insecticides. 
Solutions of flubendiamide and commercial insecticides, and the other materials
In general, test solutions of flubendiamide at various concentrations were prepared by diluting a 200 g/kg water-dispersible granule (WDG) formulation with water containing a wetting agent (Tokusei-Rinoh ® , 300 ml/l). Those of reference compounds were prepared similarly with commercially available forms of cyhalothrin 50 g/l (Cyhalon ® ), flufenoxuron 10 g/l (Cascade ® ), methomyl 450 g/kg (Lannate ® ) and prothiofos 450 g/l (Tokuthion ® ). Five to six different concentrations (0.001-1000 mg a.i./l) were used for each experiment. Control groups were treated with water containing the wetting agent. Ryanodine was purchased from Sigma-Aldrich Co.
Test solutions of the derivatives of flubendiamide were prepared in a similar way except that a wettable powder (WP) formulation was used instead of WDG. The WDG formulation of flubendiamide was prepared as follows. Flubendiamide (20.7 g) was milled and mixed with sodium lignin-sulfonate (15 g), sodium dioctylsulfosuccinate (1 g), calcined diatomaceous earth (20 g) and mineral powder (43.3 g). The mixture was homogenized and water (30 g) was added. The wet mixture was kneaded and extruded by an extrusion granulator with a 0.8 mm diameter screen. The extruded strands were cut and dried in a dryer to afford 90 g of WDG formulation of flubendiamide.
Leaf dipping method
The leaf dipping assay method was used to assess the intrinsic activity of flubendiamide against a variety of lepidopterous insects, and was also employed to compare the symptoms of the fifth instar larvae of S. litura affected by that compound with those of the commercial insecticides. Cabbage leaf disks (8 cm diameter), tea leaves or rice seedlings were dipped into a test solution for 20 sec and allowed to dry. The treated diet was placed into a 12 cm diameter petri dish, and ten larvae were released into the petri dish. The larvae affected by this treatment were assessed for 4 to 7 days after the treatment.
Insects with abnormal symptoms such as body contraction, feeding cessation, or paralysis were included in the number of dead. All experiments were carried out with two replications. The dose response data were calculated based on percent mortality, corrected when necessary using Abbott's formula, 10) and subjected to probit analysis.
11) The activity was evaluated as the EC 50 . All bioassays were carried out in a growth chamber 25°C, at 60% RH, and with a 16L-8D photoperiod.
Injection method
into the base of the second proleg of sixth instar larvae of S. litura using a micro syringe with a thin glass needle at the tip. The symptoms of affected larvae were observed at 24 hr after the application.
Effects on the natural enemies
In order to examine the effect of flubendiamide on the natural enemies, an appropriate method for each species was employed; either insect dipping, contact with a dry film, or spraying.
Harmonia axyridis, Coccinella septempunctata bruckii, Pardosa pseudoannulata and Misumenops tricuspidatus
Ten adults were dipped into a test solution prepared as in Section 2.2 for 20 sec and put into the plastic cup with prey. Aphids (Myzus percicae) and plant-hoppers (Nilaparvata lugens) were used as prey for lady beetles and spiders, respectively. An assessment was made 4 days after the treatment by counting the normal insects as described in Section 2.3. The tests were conducted with two replications.
Encarsia formosa, Aphidius colemani and
Cotesia glomerata A test solution was sprayed on the inner-surface of a glass vial (20 ml) uniformly and allowed to dry to give a film of the test compound. Ten adults of the parasitic wasp were released into the glass vial with cotton containing a 10% sugar solution as a diet. An assessment was made 2 days after the release by counting the normal insects. The tests were conducted with two replications.
Chrysoperla carnea, Orius strigicollis, Aphidoletes aphidimyza, Amblyseius cucumeris and Phytoseiulus persimilis
Cucumber or kidney bean leaf disks (2 cm in diameter) were placed onto the moistened filter paper, and ten natural enemies were released on the leaf disk with the prey insects. All stages of the aphid (Aphis gossypii), larvae of the thrips (Frankliniella occidentalis) and female adults of the spidermite (Tetranychus urticae) were used as food for Chrysoperla carnea, Orius strigicollis and predatory mites, respectively. The prey and the natural enemies on the plant disks were sprayed with a test solution prepared as in Section 2.2 in a spray chamber and allowed to dry. An assessment was made 2 days after the treatment by counting the normal insects and predatory mites. The tests were conducted with two replications.
RESULTS AND DISCUSSION
Structure-Activity Relationship
We have found weak insecticidal activity in the derivative 1 (Fig. 1) , the chemical structure of which was very new as an insecticide. However, there were several points to be improved for practical use: low insecticidal activity, phytotoxicity to crops and instability of the compound. Physicochemical properties of the compound such as higher lipophilicity were also needed for improving the insecticidal activity. We have synthesized a number of compounds with the general formula 3 ( Fig. 1) and conducted a lot of studies on the improvement of the insecticidal activity to finally obtain flubendiamide.
Flubendiamide is characterized by a three-part chemical structure as shown in the general formula 3 ( Fig. 1) : (A) a phthaloyl moiety, (B) an aromatic amide moiety and (C) an aliphatic amide moiety.
Phthaloyl moiety (A)
The first section in Table 1 shows the effect on the insecticidal activity of substituent (X) at the phthaloyl moiety. In order to improve the activity of the lead compound 1, the nitro group was changed to other groups. Although the non-substituted derivative 10 showed similar or slightly greater activity, we found that the chloro derivative 11 showed much stronger activity. Then we checked the best position of the substituent X with chloro derivatives 11-14, finding that the 3-position was clearly the best. The other groups at the 3-position were evaluated and iodine atom was found to be the best substituent as X. It might not be conclusive from only these results, however, lipophilic and bulky substituents tended to show good activity. In this way, we found that an iodine atom at the 3-position was the best substituent for the phthaloyl moiety, although compounds having an iodine atom are very rare among commercial agrochemicals. Vol. 30, No. 4, 354-360 (2005) Novel Insecticide Flubendiamide 357 
Aromatic amide moiety (B)
The second section in Table 1 shows the effect of substituent (Y ) at aniline. The best position was checked with a chlorine atom as substituent Y and the 4-position was shown to be best by comparison of the compounds 17-19. The other substituents were introduced and the results showed the tendency for a more lipophilic substituent to be favorable. Notably, the fluoroalkyl group was highly effective as exemplified with the compound 22. The heptafluoroisopropyl group thus introduced is very novel since it has never been reported as a substituent in the chemical structure of commercial pesticides so far and seldom used in pesticide research.
Aliphatic amide moiety (C)
The last section in Table 1 shows the effects of substituent (R 1 , R 2 ) at the aliphatic amide moiety. As shown in Table 1 , the introduction of a hetero atom (compounds 24 and 2), especially a sulfur atom (compound 2), onto the alkyl side chain markedly increased the insecticidal activity. This sulfonylalkylamine moiety is also novel as an amine in pesticide chemistry.
Flubendiamide has these unique substituents as essential parts of the structure in three adjacent positions on the benzene ring, which characterizes the chemical structure of flubendiamide as totally new.
Biological Features of Flubendiamide
Biological activity of flubendiamide against various
lepidopterous pests under laboratory conditions EC 50 values for flubendiamide against nine major lepidopterous species are shown in Table 2 . Flubendiamide was highly active against all of the important lepidopterous pests, with EC 50 values of between 0.004 and 0.58 mg/l. Thus, the insecticidal spectrum of flubendiamide is expected to be broad among lepidoptera pests in agriculture. 
Symptoms of larvae of Spodoptera litura treated with flubendiamide versus commercial insecticides and ryanodine
The symptoms of affected larvae were carefully observed in order to compare the biological mode of action of flubendiamide and commercial insecticides. Figure 3 shows the symptoms of larvae affected by flubendiamide and commercial insecticides. Flubendiamide caused a gradual contraction of the insect body, thickening and shortening without convulsions, and the symptoms were obviously different from those of conventional insecticides, which act on the nervous system, the respiratory chain, metamorphosis, etc. These results clearly suggest that the mode of action of flubendiamide is quite unique and different from that of commercial insecticides.
To clarify the mode of action of flubendiamide, we assayed several active substances with a known mode of action by injection into the larvae of S. litura. The larvae injected with ryanodine showed sustained body contraction similar to the larvae treated with flubendiamide (Fig. 4) . Ryanodine which binds calcium release channels present in the sarcoplasmic and endoplasmic reticulum has been known to cause the contraction of insect skeletal muscle. [12] [13] [14] [15] Thus, it is most probable that the contraction of an insect body applied with flubendiamide represents the contraction of insect muscle by a calcium release mediated through a calcium channel such as the ryanodine receptor. The result of the study on the mode of action will be reported in due course.
Activity against resistant insect pests, Plutella xylostella
The activity of flubendiamide against the third instar larvae of P. xylostella, resistant to such conventional insecticides as synthetic pyrethroid, benzoylphenylurea, organophosphate and carbamate, is summarized in Table 3 . Against the resistant strain, flubendiamide provided a level of activity as high as that against the susceptible strain. This result indicates that flubendiamide has an advantage over conventional insecticides, which are suffering from a resistance problem, and will be useful for insecticide resistance management (IRM) programs. In addition, we confirmed that flubendiamide showed excellent activity against strains, collected from the field, of cotton ballworm (Helicoverpa armigera) and common cutworm (S. litura) resistant to conventional insecticides such as synthetic pyrethroid, organophosphate and carbamate (no data were shown).
Effects on natural enemies
The acute toxicity of flubendiamide in several species of natural enemies is shown in Table 4 . Flubendiamide was inactive against natural enemies tested in this experiment at 100 to 400 mg/l. This result indicates that flubendiamide would be very safe for natural enemies, and consequently will fit well into integrated pest management (IPM) programs.
2.5. Toxicological properties Some toxicological features of flubendiamide are shown below as a reference. The acute oral LD 50 for male and female rats was Ͼ2000 mg/kg. The agent is slightly irritating to rabbit eyes, non-irritating to rabbit skin, non-mutagenic in the Ames test, and non-sensitizing to guinea pig skin. These findings suggest that flubendiamide is safe for mammals.
CONCLUSION
Flubendiamide was discovered as a novel class of insecticide having a unique chemical structure. It showed excellent activity against a broad spectrum of lepidopterous insects. The insecticidal symptoms of flubendiamide were completely different from those of commercial insecticides and there was no cross resistance. All data so far obtained suggest that fluben- Vol. 30, No. 4, 354-360 (2005) Novel Insecticide Flubendiamide 359 diamide can be classified as a new class of insecticide with a new mode of action on the basis of chemistry, biology, and biochemistry. Furthermore, it was much safer for natural enemies, and these properties of flubendiamide seem very suitable for controlling lepidopterous pests under IRM and IPM programs. 
